The modal analysis procedure for calculating the dynamic response of classically damped linear structural systems is reformulated with the objective of developing the physical significance of the elements of the solution and defining modal contribution factors. The resulting concepts are used to develop an approach for predicting how the relative contributions of various modes to the response and the number of modes that should be included in the solution depend on the vibration properties of the system, on the response quantity of interest, and on (1) the spatial distribution and time variation of applied dynamic forces in the case of forceexcited systems, or (2) the response (or design) spectrum for an earthquake excitation. To illustrate this approach, numerical results are presented for a five-story frame for a wide range of parameters and a base-isolated building.
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(1) also governs the vector u of nodal displacements relative to the moving ground undergoing acceleration iig(t) if mu + cti + ku = p(t) (1) where m, C, and k = mass, damping, and stiffness matrices of the system. We will consider a common loading case in which the applied forces pj(t)-j = 1,2, ... ,N-have the same time variation p(t), and their spatial distribution is defined by s, independent of time. Thus
RESPONSE HISTORY ANALYSIS: REFORMULATION AND INTERPRETATION

Equations of Motion
A viscously damped system with classical damping and having N degrees of freedom is considered. The response of the system described by the vector u of nodal displacements due to external forces p(t) is governed by the N differential equations
Modal Expansion of Displacements and Forces
The natural frequencies W n and natural modes <Pn of vibration of the system satisfy the following matrix eigenvalue problem:
The displacement u of the system can be expressed as the superposition of modal contributions un(t):
INTRODUCTION
The classical mode superposition method or classical modal analysis method is widely recognized as a powerful method for calculating the dynamic response of viscously damped linear structural systems with classical damping. The method is attractive because the response of a multi-degree-of-freedom (MDF) system is expressed as the superposition of modal responses, each modal response is determined from the dynamic analysis of a single-degree-of-freedom (SDF) system, and these dynamic analyses need to be implemented only for those modes with significant contribution to the response.
For analysis of earthquake-excited systems, two versions of the procedure are in use: (1) the response history version, in which the modal responses are computed as a function of time and then superposed to obtain the response history of the system; and (2) the response spectrum version, in which the peak values of modal responses are determined from the response spectrum or design spectrum that characterizes the excitation, and the peak response of the system is then estimated by appropriately combining the modal peaks.
While classical modal analysis is described in many books on structural dynamics and is widely applied in structural engineering practice, it has usually not been formulated in a manner that emphasizes the physical significance of the elements of the solution. The present paper is intended to be responsive to this need.
Its objectives are: (1) to reformulate classical modal analysis in order to provide a useful physical interpretation of the method; and (2) to develop a methodology for predicting how the relative contributions of various modes to the response and the number of modes necessary in the solution depend on the vibration properties of the system, on the response quantity of interest, and on either the spatial distribution and time variation of the applied dynamic forces in the case of force-excited systems, or on the response (or design) spectrum for an earthquake excitation. The physical interpretation of modal analysis presented in this paper is the central concept utilized extensively in a recent book (Chopra 1995) to analyze and understand the dynamic response of linear systems.
MODAL CONTRIBUTION FACTORS
Eq. (14) , specialized for the displacement response, is equivalent to (11) [Chopra (1995) page 470].
Total Response
Combining the response contributions of all the modes gives the total response:
Interpretation of Modal Analysis
In the first phase of the modal analysis procedure, the vibration properties-natural frequencies and modes-of the structure are computed and the force distribution vector S or rna. is expanded into its modal components s•. Fig. 1 shows schematically the rest of the analysis procedure for earthquake excitation to emphasize the underlying concepts; with appropriate modifications it also applies to force-excited systems. The contribution of the nth mode to the dynamic response is obtained by multiplying the results of two analyses: (1) static analysis of the structure subjected to external forces, s., and (2) dynamic analysis of the nth-mode SDF system excited by ground acceleration iig(t). Thus, modal analysis requires static analysis of the structure for N sets of external forces: s., n = 1,2, ... ,N, and dynamic analysis of N different SDF systems. Combining the modal responses gives the dynamic response of the structure. (7) where tn is the damping ratio for the nth mode. The factor f n that multiplies the force p(t) or ground acceleration ug(t) is often called a modal participation factor, implying that it is a measure of the degree to which the nth mode participates in the response. This is not a useful definition, however, because f n is not independent of how the mode is normalized, nor a measure of the contribution of the mode to a response quantity. Both these drawbacks are overcome by modal contribution factors that will be defined later.
The solution for the modal coordinate qn (t) is which is independent of how the modes are normalized. Eq. (5) may be viewed as an expansion of the applied force distribution s or rna. in terms of inertia force distributions Sn associated with natural modes (Crandall and McCalley 1961; Veletsos, unpublished notes, 1977) . The expansion of (5) has the useful property that the force vector snp(t) or -SnUg(t) produces response only in the nth mode but no response in any other mode. This implies that the response in the nth mode is due entirely to the partial force vector snp(t) or -SnUg(t).
Modal Equations
By using (4), (1) can be transformed to a system of uncoupled equations in modal coordinates:
Eq. (6) for the coefficient f n can be derived by premultiplying both sides of (5) by <1>; and using the orthogonality property of modes. The contribution of the nth mode to the vector S or rna. is
The contribution r. of the nth mode to response quantity r, (14) , can be expressed as These modal contribution factors have three important properties. First, by definition they are dimensionless. Second, they are independent of how the modes are normalized. This property becomes obvious by noting that r: is the static effect of Sn' which does not depend on the normalization, and the modal properties do not enter into r st • Third, the sum of the modal contribution factors over all modes is unity, that is where r st = static value of r due to external forces s, and f., the modal contribution factor for the nth mode, is defined as (10) This is the equation of motion for the nth-mode SDF system (an SDF system with vibration properties-natural frequency W n and damping ratio tn-of the nth mode of the MDF system) excited by ground acceleration ug(t). For force-excited systems the nth-mode SDF system is defined as having unit mass, and its response to the force p(t) is also governed by (10) .
Modal Responses
The contribution of the nth mode to nodal displacements u(t) is To determine the forces in various structural elementsbeams, columns, walls, etc.-from the displacements un(t), we define the equivalent static forces associated with the nthmode response: f n = kun(t). Substituting (11) and using (3) gives This important result can be proven by recognizing that S = 2 s. [(5) and (7) The quantities r" and F n depend on the spatial distribution s of the applied forces but are independent of their time variation p(t); on the other hand, R dn depends on p(t), but is independent of s.
For earthquake-excited systems (20) can be rewritten as (22) where An == A no is the ordinate A(T n , 'n) of the pseudo-acceleration response (or design) spectrum. The algebraic sign of rno is the same as that of r',,' = r"F n because R dn and An are positive by definition. Although it has an algebraic sign, rno will be referred to as the peak value of the contribution of the nth mode to response r or, for brevity, the peak modal response because it corresponds to the peak value of Dn(t) or An(t).
EARTHQUAKE RESPONSE SPECTRUM ANALYSIS
The peak value r o of the total response r(t) is estimated by combining the peak modal responses r no (n = 1, 2, ... , N) according to the well-known modal combination rules: squareroot-of-sum-of-squares (SRSS) rule or complete quadratic combination (CQc) rule, as appropriate. The algebraic sign of rno is relevant in the CQC rule, but inconsequential in the SRSS rule.
The response spectrum analysis (RSA) is a procedure for dynamic analysis of a structure subjected to earthquake excitation, but it reduces to a series of static analyses. For each mode considered, static analysis of the structure subjected to forces S. provides the modal static response, r~, which is multiplied by the spectral ordinate A. to obtain the peak model response r tlO , (22) .
HOW MANY MODES TO INCLUDE
The response contributions of all the natural modes must be included if the "exact" value of the structural response to dynamic excitation is desired, but the first few modes can usually provide sufficiently accurate results. The number of modes to be included depends on two factors, modal contribution factor i. and dynamic response factor R dn or spectral ordinate A., that enter into the modal response equations (21) and (22).
If only the first J modes are included, the error in the static response is 
For a fixed J the error e, depends on the spatial distribution S of the applied forces. For any s the error e, will be zero when all the modes are included (J = N) because of (18), and the error will be unity when no modes are included (J = 0). Thus, modal analysis can be truncated when le,l, the absolute value of e" becomes sufficiently small for the response quantity r of interest. The dynamic response factors R dn or spectral ordinates A. also influence the relative values of the modal responses and hence the number of modes that should be included in the analysis. R dn and A. depend on the shape of the dynamic response factor plot or on the shape of the earthquake response (or design) spectrum respectively, and on the vibration properties T. and~. of the nth mode.
, e, = 1 -2: i.
FIG. 2. Properties of Uniform Flve-Story Frames Modal Expansion of Forces
Consider two different sets of applied forces: p(t) = sap(t) and p(t) = SbP(t), where s~= (0 0 0 0 1) and sr = (0 0 0 -1 2); note that the resultant force is unity in both cases (Fig. 3 ).
Substituting for m, <1>., and S = Sa in (6) and (7) gives the modal contributions S. shown in Fig. 3 . The contributions of the higher modes, especially the second and third modes, to S are larger for Sb than for Sa, suggesting that these modes may contribute more to the response if the force distribution is Sb than if it is Sa' We will return to this observation later.
EXAMPLE 1: FORCE-EXCITED, FIVE-STORY SHEAR BUILDING System Considered
To illustrate the concepts developed in the preceding sections, consider the structure of Fig. 2 : a five-story shear building (El b = 00, i.e., flexurally rigid floor beams and slabs) with lumped mass m at each floor, and same story stiffness k = 24Elclh 3 for all stories.
Modal Contribution Factors
We first study how the modal contribution factors i. depend on the spatial distribution S of the applied forces. Static analysis of the building subjected to forces S and S. gives r" and r~, respectively, and (17) leads to i.; for each S = Sa and Sb the S. vectors are displayed in Fig. 3 . For the base shear and roof displacement of the building, the modal contribution factors and their cumulative values considering the first J modes are presented in Table 1 modal contribution factors over all modes is unity, although the convergence mayor may not be monotonic. For the structure and force distributions considered, the convergence is monotonic for roof displacement but not for base shear. The data of Table 1 permit two useful observations pertaining to relative values of the modal responses:
1. For a particular spatial distribution of forces, the modal contribution factors for higher modes are larger for base shear than for roof displacement, suggesting that the higher modes contribute more to base shear (and other element forces) than to roof displacement (and other floor displacements). 2. For a particular response quantity, the modal contribution factors for higher modes are larger for force distribution Sb than for Sa, suggesting that the higher modes contribute more to a response in the Sb case. Recall that the modal expansions of Sa and Sb had suggested the same conclusion.
R dn in (21). In Fig. 4 (21), determined primarily by the relative values of fn' the modal contribution factors. The same conclusion also applies to highly damped systems subjected to harmonic force because as seen in Fig. 4 , several modes could have similar values of R dn • However, for lightly damped systems subjected to harmonic excitation, Fig. 4 indicates that R dn is especially large for modes with natural period Tn close to How many modes should be included in modal analysis? We first examine how the number of modes required to keep the error in static response below some selected value is influenced by the spatial distribution S of the applied forces. If the objective is to keep lell < 0.05 (5%) for the base shear, the data of Table 1 indicate that three modes suffice for the force distribution Sa, whereas all five modes need to be included in the case of Sb' For the same accuracy in the roof displacement, two modes suffice for the force distribution Sa, but three modes are needed in the case of Sb' More modes need to be included for the force distribution Sb than for Sa because, as mentioned earlier, the modal contribution factors for higher modes are larger for Sb than for Sa ' We next examine how the number of modes required is influenced by the response quantity of interest. If the objective is to keep lell < 0.05 (5%), three modes need to be included to determine the base shear for force distribution Sa, whereas two modes would suffice for roof displacement. To achieve the same accuracy for force distribution Sb, all five modes are needed for base shear, whereas three modes would suffice for roof displacement. More modes need to be included for base shear than for roof displacement because the modal contribution factors for higher modes are larger for base shear than for roof displacement.
It is not necessary to repeat the preceding analysis for all response quantities. Instead, some of the key response quantities, especially those that are likely to be sensitive to higher modes, should be identified for deciding the number of modes to be included in modal analysis.
Dynamic Response Factor
We now study how the modal response contributions depend on the time variation of the excitation. The dyamic response to p(t) is characterized by the dynamic response factor Tables 2 and 3 for p = 0, 1/8, and 00; these results are independent of T!. Consistent with (18), for each response quantity and each p the sum of modal contribution factors over ail modes is unity, although the convergence mayor may not the forcing period T. These modes would contribute most to the response and are perhaps the only modes that need to be included in modal analysis unless the modal contribution factors f n for these modes are much smaller than for some other modes.
It is not necessary to compute all the natural periods of a system having a large number of degrees of freedom in ascertaining which of the R dn values are significant. Only the first few natural periods need to be calculated and located on the plot showing the dynamic response factor. Then the approximate locations of the higher natural periods become readily apparent, thus providing sufficient information to estimate the range of R dn values and to make a preliminary decision on the modes that may contribute significant response. Precise values of R dn can then be calculated for these modes to be included in modal analysis.
The reduction in computational effort achieved by considering only the first few modes may not be significant in dynamic analysis of systems with a small number of dynamic degrees of freedom, such as the five-story shear frame considered here. However, substantial reduction in computation can be achieved for practical complex structures that may require hundreds or thousands of degrees of freedom for their idealization.
Design Spectrum
The earthquake excitation is characterized by the design spectrum of Fig. 7 , multiplied by 0.5, so that it applies to ground motions with a peak ground acceleration UgO =0.5 g, peak ground velocity u go =24 in.lsec, and peak ground displacement u go = 18 in. In the design spectrum shown for 5% damping, the acceleration-sensitive, velocity-sensitive, and displacement-sensitive regions are identified.
EXAMPLE 2: EARTHQUAKE-EXCITED, FIVE-STORY BUILDINGS Systems Analyzed
To illustrate the concepts developed in the preceding sections, consider the structure of Fig. 2 , a single-bay, five-story frame with constant story height =h and bay width =2h. All the beams have the same flexural rigidity, El b , and the column rigidity, EIe. does not vary with height. The building is idealized as a lumped-mass system with the same mass m at all the floor levels. The damping ratio for all five natural vibration modes is assumed to be 5%.
Only two additional parameters are needed to define the system completely: the fundamental natural vibration period T 1 and the beam-to-column stiffness ratio p, where p = h/4/ e • The latter parameter indicates how much the system may be expected to behave as a frame. For p =0 the beams impose no restraint on joint rotations, and the frame behaves as a flexural beam [ Fig. 6(a) ]. For p = 00 the beams restrain completely the joint rotations, and the structure behaves as a shear beam with double-curvature bending of the columns in each story [ Fig. 6(c) ). An intermediate value of p represents a frame in which beams and columns undergo bending deformation with joint rotation [ Fig. 6(b) ]. As an example for the frame of 
Modal Contribution Factors
We first study how the modal contribution factors depend on the beam-to-column stiffness ratio p and on the response frames (p =00) with fundamental natural periods T I =0.5 and 3.0 s, respectively, are identified. For the building with T I = 3 s, the An values for the higher modes are larger than A 1 for the fundamental mode, whereas for the building with T 1 = 0.5 s, the An (n 2: 2) values are either equal to or smaller than AI' Thus, the higher-mode response, expressed as a percentage of the total response, should be larger for the building with T 1 = 3 s than for the T 1 = 0.5 s building. In general, for the spectrum selected, as T 1 increases within the velocity-and displacement-sensitive regions of the spectrum, the higher-mode 1.5.... -----------r-.-r----r--..,---------, 
FIG. 8. Natural Perloda and Spectral Ordinatea for Three
Caaea: (a) 7; =0.5 a, p =""; (b) 7; =3 a, p =""; and (c) T, =3 a, p=O 1. For a fixed value of p and each of the four response quantities, the modal contribution factor ' 1 for the first mode is larger than the factors ' n for the higher modes, suggesting that the fundamental mode should have the largest contribution to each of these responses. 2. For a fixed value of p, the absolute values of T. for the second and higher modes are larger for V~than for Vb' and the values for Vb in turn are larger than those for M b and u~. This observation suggests that the second-and higher-mode response contributions should be more significant for base shear Vb than for the base overturning moment M b or top-floor displacement u~. Among the story shears the higher-mode responses should be more significant for the fifth-story shear than for the base shear. 3. As p decreases, the absolute values of the higher-mode contribution factors Tn for V~, Vb' and M b increase (but for minor exceptions), especially in the second mode (Tables 2 and 3 ). This observation suggests that the higher-mode contributions to any of these forces should become a larger fraction of the total response as p decreases and should be largest for a flexural beam with p =O.
Influence of T, on Higher-Mode Response
be monotonic. For the class of structures considered the convergence is monotonic for base shear, but not for the other three response quantities. The data of Tables 2 and 3 permit three useful observations that have a bearing on relative values of the modal responses:
In this section we use the preceding concepts and data to predict how the modal response contributions depend on the fundamental natural period T 1 of the structure. For this purpose we examine the three factors that enter into (22) for the peak modal response: (I) The static value r" of r is a common factor in all modal responses and therefore does not influence the relative values of the modal responses; (2) as mentioned earlier, for a fixed p the modal contribution factors '. are independent of T 1 ; and (3) the pseudo-acceleration spectrum ordinate An is the only factor in (22) that depends on T 1 and period ratios T 1 IT.; for a fixed p, T1IT n do not depend on T 1 • This is illustrated for the selected design spectrum in parts (a) and (b) response is expected to become an increasing percentage of the total response. This prediction is confirmed by the results of dynamic analyses. The peak values of the response of a frame with specified T I and p is determined by considering (1) all five modes, and (2) only the first mode. The difference between the two results for the peak value is the higher mode response, i.e, the combined response due to all modes higher than the first mode. Such analyses were repeated for three values of p -0, 1/8, and oo-and many values of T I • The higher mode response, expressed as a percentage of the total response, is presented as a function of T I in Fig. 9 for the four response quantities. The higher-mode response is negligible for T I in the acceleration-sensitive region of the spectrum and increases with increasing T I in the velocity-and displacement-sensitive regions. Such results are useful in evaluating the lateral force provisions in building codes [Chopra (1995) Chapter 21].
Influence of p on Higher-Mode Response
In this section we predict how the modal response contributions depend on the beam-to-column stiffness ratio p. For this purpose we examine the three factors that enter into (22) for the peak modal response: (1) The static value ,Sf of , is a common factor in all modal responses and therefore does not influence the relative values of the modal response; (2) as p decreases, the absolute values of the higher-mode contribution factors P n for the base shear and top-story shear increase, especially in the second mode (Table 2) ; and (3) the pseudoacceleration spectrum ordinates depend on T I and on TlfT n ; the latter becomes larger as p decreases [Roehl (1971) and Chopra (1995) pages 642-644] and the Tn values are spread out over a wider period range of the design spectrum. This is illustrated in parts (b) and (c) of Fig. 8 . Both frames have the same T 1 = 3 s, but they differ in p-one is a shear beam (p = 00), and the other a flexural beam (p =0). As a result, the ratio A 2 for the second mode-generally the most significant of the higher modes-to Al for the first mode is larger for buildings with p = 0 than for the p = 00 case. Thus, putting these two reasons together, both the modal contribution factor P n and the spectral ordinate An for the second mode are larger for the p = 0 frame; therefore, the higher-mode response is expected to be more significant in this case than for the frame with p = 00, In general, for the design spectrum selected and for T I within the velocity-and displacement-sensitive regions of the spectrum, the ratio AnfA I increases (or more precisely, does not decrease) with decreasing p, and this trend should lead to increased higher-mode response.
This prediction is confirmed by the results of dynamic analyses in Fig. 9 , which demonstrate that for each response quantity the higher-mode response is least significant for systems behaving like shear beams (p = 00), becomes increasingly significant as p decreases, and is largest for systems deforming like flexural beams (p = 0).
The influence of T I and p on the higher mode response has been studied previously (Cruz and Chopra 1986 ), but it was not as elegant without the concept of modal contribution factors introduced in this paper.
How Many Modes to Include
We first examine the error e2 in static response if two modes are included. Table 4 shows this error computed from (23) and numerical values for the modal contribution factors in Tables  2 and 3 . The error e2 is below 0.15 or 15% for the four response quantities when the first two modes are included. For a fixed p the error varies with the response quantity. It is smaller in the base overturning moment M b relative to the base shear Vb, and in Vb compared to the top-story shear V~. The error is much smaller for the top-floor displacement u~, and it is less than 3% if the first mode alone is considered. For a particular response quantity the error e2 varies with p, being smallest for p = 00 (i.e., shear beams) and largest for p = 0 (i.e., flexural beams). The top-floor displacement displays trends opposite to the forces in the sense that e2 increases with increasing p, but e2 is so small that higher modes are of little consequence. These data suggest that the first one or two modes may provide a good approximation to the total response, with the accuracy depending on the response quantity and on p.
We next examine how the spectral ordinates An influence 
Analysis Procedure
With ground motion characterized by the design spectrum of Fig. 7 , scaled to agO = 0.5 g, the RSA procedure summarized earlier will be used to analyze two systems: (1) the building on a fixed base; and (2) the same structure supported on an isolation system. In applying the RSA procedure to the isolated in which M = 5m is the mass of the building excluding the base slab. The five-story building on a base isolation system is a six-degree-of-freedom system with nonclassical damping because damping in the isolation system is typically much more than in the building. In this example the base slab mass mb = m and the stiffness and damping of the isolation system are such that T b = 2.0 s and~b = 10%.
The natural periods and modal damping ratios of both systems are presented in Table 5 .
the number of modes that should be included in the analysis. For a fixed p and T) in the velocity-or displacement-sensitive regions of the spectrum, the ratio An/A) is larger for frames with longer fundamental period T) [Fig. 8(a) and (b)]. Thus for the same desired accuracy, more modes should be included in the analysis of buildings with longer T) than the number of modes necessary for shorter T) buildings. For a fixed T) in the velocity-sensitive or displacement-sensitive regions of the spectrum, the ratio An/A) is larger for frames with smaller p [Fig. 8(b) and (c) ]. Thus, for the same desired accuracy, more modes should be included in the analysis of buildings with smaller p compared to the number of modes necessary for buildings with larger p.
These expectations regarding how T) and p influence the number of modes that should be included in earthquake response analysis are confirmed by the results of Fig. 10 , where, for each p value, five response curves for base shear are identified by indicating the number of modes included in the response spectrum analysis. It is clear that the first two modes provide a reasonably accurate value for the base shear in frames with T 1 in the velocity-sensitive region of the spectrum, and one mode is sufficient in the acceleration-sensitive region. This conclusion is also valid for shears in all the stories and overturning moments at all floors. The first mode alone provides accurate results for Us over the entire range of Th and for all p values, as indicated in Fig. 9 .
In light of the preceding observations, it is instructive to examine the 90% rule for participating mass specified in the Uniform Building Code. Because the effective modal mass is equal to the modal static response V: n for base shear [Chopra (1995) pages 476-484], the prior rule implies that enoughsay i-modes should be included so that eJ for base shear is less than 10%. However, as noted earlier, eJ varies with the response quantity, and therefore this error may exceed 10% for other response quantities such as shears in upper stories and bending moments and shears in some structural elements.
EXAMPLE 3: EARTHQUAKE-EXCITED, BASE-ISOLATED BUILDING
System Considered and Parameters
The building to be isolated [ Fig. II(a) ] is a five-story shearframe (i.e., beam-to-column stiffness ratio p = 00) with mass and stiffness properties uniform over its height: lumped mass mJ = m = 100 kips/g at each floor, and stiffnesses k for each story; k is chosen so that the fundamental natural vibration period TIf = 0.4 s. The damping matrix is proportional to the stiffness matrix with 2% damping in the fundamental mode.
As shown in Fig. l1(b) , this five-story building is mounted on a base slab of mass mb' supported in tum on a base-isolation system with lateral stiffness k b and linear viscous damping Cb' Two parameters, T b and~b' are introduced to characterize the isolation system: (25a,b) where D n = Anlw; is the deformation spectrum ordinate. The peak modal responses are combined by the SRSS rule.
Modal Static Responses
The modal static responses V~n and u~n for Vb and Ub, respectively, are presented in Tables 6 and 7 . It is clear that V~n has significant values in the first two modes of the fixedbase structure, and these modes are expected to contribute significantly to the response. However, for the isolated building, V~n is small in all the higher modes and the response in these modes should be negligible, i.e., the first mode with the dominant value V~I should provide most of the response.
Peak Modal Responses
The preceding predictions from the modal static responses are confirmed by the results of dynamic analysis in Tables 6  and 7 . The peak value of the earthquake response due to each natural mode of both systems is determined from (25), where the spectral ordinates Anlg are shown in Figs. 12 and 13. The dynamic response of the isolated building due to all higher modes is negligible. The first mode alone produces essentially the entire response: isolator deformation of 14.045 in. and base shear equal to 36.1 % of W, the 500-kip weight of the building excluding the base slab. The first two natural modes provide significant response of the fixed based building; however, the second mode contributes little to the combined SRSS value.
2.0
Effects of Base IsolatIon
In this section we use the preceding concepts to predict the influence of base isolation on the base shear in the building, and to identify precisely the underlying reason for this effect. The peak modal response is the product of two parts: the modal static response V~n and the pseudo-acceleration An. Each part is examined for the first mode of the baseisolated building and of the fixed-base building; this is the mode that provides most of the response in each case. Observe that V~I =5.028m for the isolated building is somewhat larger than V~I = 4.398m for the fixed-base building. However, the pseudo-acceleration Al = 0.359 g for the isolated building is only one-fifth of Al =1.830 g for the fixed-base building; as a result, the first-mode base shear coefficient of 36.1 % for the isolated building is much smaller than the 160.9% for the fixed-base building. The isolation system reduces the base shear primarily because the natural period of the first mode, providing most of the response, is much longer than the fundamental period of the fixed-base structure, leading to a smaller spectral ordinate, as seen by comparing Figs. 12 and 13. This is typical of design spectra on firm ground and fixed-base structures with fundamental natural period in the flat portion of the acceleration-senstive region of the spectrum.
This prediction is confirmed by the results of dynamic analysis, considering all modes, in Table 6 . These results 
